Pre-sowing seed treatment techniques of stratification and scarification were used in order to find the most appropriate method to overcome dormancy of wild asparagus (Asparagus acutifolius L.) seeds. An indoor and an outdoor experiment were carried out at the Agricultural University of Athens. For the indoor experiment, the pre-sowing treatments of stratification (fresh and stratified seeds) and scarification (non-scarified, mechanical scarification and chemical scarification with sulfuric acid) were used as the main treatments, and three different temperatures (15, 20 and 25 °C) as sub-treatments. For the outdoor experiment, there were only the treatments of stratification and scarification. The stratification of asparagus seeds was found to have a positive effect on germination and vigor indices compared to non-stratified (fresh) seeds. The highest germination percentage, vigor index I and II were recorded with the stratified seeds that had been mechanically scarified in both indoor and outdoor conditions. The results indicate that just the scarification cannot improve germination of fresh collected seeds of wild asparagus. Stratification increased the germination percentage from 2.7-6.6% to 45.1-75.3%. The mechanical and the chemical scarification had a positive effect on the root length compared to the non-scarified seeds that have been stratified. These presowing treatments can increase the germination percentage and produce vigorous seedlings that can be used to establish plantations of this potential new crop.
Introduction
Asparagus acutifolius is an evergreen perennial species that is widely distributed in Mediterranean countries of Europe, North Africa, and West Asia. Its edible spears are mainly gathered from wild plants since ancient times. It is probably the species of asparagus that Theophrastus mentioned in his book "Historia Plantarum" as well as Dioscorides reported in his book "De Materia Medica". It has been part of the Mediterranean diet for many years. In recent decades, there is an increasing demand from consumers for wild asparagus spears because of its important nutritional value. However, the collection of the spears from wild plants is a time-consuming process, and for this reason, consumers increase the demand in local markets. In Mediterranean countries, wild asparagus edible shoots are already harvested and marketed (Molina et al., 2012) . Moreover, its shoots are considered a source of powerful antioxidants, which could be recovered for use as functional foods or as potential functional ingredients for the food industry (Di Maro et al., 2013) . Lately, there is an increasing interest for the peroxidases that the seeds of wild asparagus contain. Guida et al. (2014) found four novel basic peroxidases from Asparagus acutifolius and demonstrated that these enzymes are able to remove phenolic compounds from olive oil mill wastewaters with high efficiency.
For all these reasons, wild asparagus is a potential new crop, which can easily grow under organic farming conditions (Ferrara et al., 2011) . Worldwide, there is an escalating interest for the cultivation of species that until recently were considered as weeds because of their increasing importance . These shoots are mainly collected from wild plants and, and in many cases, the exploitation is not sustainable, as it is getting more and more intense. For such appreciated species with agronomical potential, the cultivation is increasingly promoted (Molina et al., 2016) . Especially wild asparagus soaking of the seeds have been used in order to improve germination. Conversa and Elia (2009) found that the highest germination parameters [germination percentage, time to 50% of final germination (T50), and germination pattern] were obtained when after-ripened seeds for 13 months, were stratified and soaked. These results could be the basis for further research. Currently, there is little research published concerning the mechanisms to overcome dormancy in A. acutifolius seeds and further research is needed (Conversa and Elia, 2009 ). Pre-sowing techniques are very common to improve germination percentage, rate and uniformity of seeds of wild species (Akoumianaki-Ioannidou et al., 2019) , as well as to improve germination on seeds of cultivated species with lower than normal percentages (Bilalis et al., 2012) . Researchers have focused their efforts on the use of different pre-sowing methods that are inexpensive and environmentally friendly (Katsenios et al., 2016) . Research plantations have found that wild asparagus is suitable for cultivation since it presented an average spear yield of approximately 1300 kg ha -1 , at a plant density of 3.1 and 5 plants m -2 (Benincasa et al., 2007) . Monitoring of wild asparagus plants showed that every plant produces 5-12.8 g of spears (Molina et al., 2012) .
The aim of this study was to investigate different presowing treatments in order to find the most appropriate method to overcome the dormancy of wild asparagus seeds and increase the germination percentage.
Materials and Methods

Study site and plant material
A laboratory and a field experiment were established at the Agricultural University of Athens, Greece, in May of 2016. The first experiment took place indoor, under controlled conditions in a CONVIRON germination chamber (Model E15, Controlled Environments Ltd., Winnipeg, Manitoba, Canada). It was carried out in 150 mm Petri dishes. Twelve seeds were put in each Petri dish. For the second experiment, conducted outdoor, germination trays of 280 positions were used. The substrate was a peat, vermiculite and perlite (1:1:1) mixture. Mean daily temperature pertaining to the period of outdoor experiment was obtained from the meteorological station of the Agricultural University of Athens and is presented in Fig. 1 .
can become a new crop with high income potential, within a sustainable agriculture framework of both biodiversity and environmental conservation (Conversa and Elia, 2009 ).
Asparagus shoots have been found to have a high content of antioxidants, such as vitamins, carotenoids, and phenolics. Therefore, asparagus is considered a nutritionally well-balanced vegetable, as it has high levels of moisture, ash, proteins, total sugars and linoleic acid, an essential n-6 fatty acid (Martins et al., 2011) . The consumption of wild asparagus young shoots is a source of B9 and E vitamins (Sánchez-Mata et al., 2016) . Moreover, the carotenoid content of its edible shoots (175.8 mg g -1 ) is a richer source than many of the other common leafy vegetables that are commercially available (García-Herrera et al., 2013) .
The consumption of the edible parts of wild asparagus could maximize the dietary intake of health beneficial compounds that have protective or disease preventive properties, because of their high content in polyphenols and the significant antioxidant and antiproliferative capabilities (Di Maro et al., 2013) . Moreover, the extract of fresh young shoots of wild asparagus was found to have antiinflammatory and adaptogenic effects (Kasture et al., 2009) , while the aqueous extract of Asparagus acutifolius had a high pro-apoptotic effect against cancer cell lines because of its various natural bioactive compounds (Bilusic et al., 2019) . Fruit and leaves of wild asparagus could be considered as a source of natural agents (phenolic compounds, antioxidant, and cytotoxic activities) for the food and pharmaceutical industry (Kaska et al., 2018) .
The plant of Asparagus acutifolius (2n=20) is dioecious, green with short rhizome, and its young shoots are sweet or slightly bitter, greenish and elongated (Boubetra et al., 2017) . The same authors described that the fruits of the female plants are globose and black, when they are mature, and they have 1-2 seeds, which have a strong dormancy and are difficult to germinate. The increasing interest for the cultivation of wild asparagus has stimulated the research on it. Currently, there is very little information regarding cultivation techniques, which differ from those of cultivated asparagus (A. officinalis) (Benincasa et al., 2007) . One major reason that prevents the expansion of wild asparagus is the low levels of seed germination that make difficult the production of seedlings for plant propagation (Conversa and Elia, 2009 ).
Techniques such as warm and cold stratification and The seeds were collected from wild plants in the area of Pentapoli, (38°29'16.3"N, 22°13'01.0"E, altitude 500 m) in the Prefecture of Phocis, Central Greece.
Experimental design
For the indoor experiment, the pre-sowing treatments of stratification (fresh seeds: FS, stratified seeds: SS) and scarification (non-scarified: NS, mechanical scarification: MS, chemical scarification with sulfuric acid: SSA) were used as the main treatments and three different temperatures (15, 20 and 25 °C) as sub-treatments. For the outdoor experiment, there were only the treatments of stratification and scarification. Each treatment had ten replications. Non-stratified seeds were fresh seeds collected from wild plants a month before sowing. Stratified seeds were seeds collected a year before, which were refrigerated and stratificated after fully imbibed and then stored at 5 °C for 12 months. For the mechanical scarification, a knife was used to cut in two positions the seed coat, and for the chemical scarification, H2SO4 (98%) was used for 10 minutes.
Measurements and observations
In both experiments, the germination measurement took place at 30 Days After Sowing (DAS). Seedling length (shoot and root) and dry weight (shoot and root) were also measured at 30 DAS. Vigor index I and II were calculated with the following equations described by Abdul-Baki and Anderson (1973):
Vigor index I = Germination % × Seedling length (Root+Shoot) [in cm]
(1) Vigor index II = Germination % × Seedling dry weight (Root+Shoot) [in g]
(2) For the measurement of root length, samples from the field experiment were separated from the soil by washing the roots over a 5 mm mesh sieve. A formalin/acetic acid/alcohol staining solution was used to stain roots of both experiments. The determination of root length was made with a high-resolution scanner using DT software (Delta-T Scan version 2.04, Delta-T Devices Ltd, Burwell, Cambridge, UK) (Kokko et al., 1993) .
Statistical analysis
The experimental data were analyzed using IBM SPSS software ver. 24 (IBM Corp., Armonk, N.Y., USA) according to the completely randomized design (CRD). The significance of the results was tested by one or two-way ANOVA and comparisons of means was calculated using Duncan test at the 5% level of significance (p ≤ 0.05).
Results and Discussion
The stratification of asparagus seeds was found to have a positive effect on germination and vigor indices compared to non-stratified (fresh) seeds. The storage of wild asparagus seeds for a one-year period has been found to increase the sensitivity of pre-germination treatments in a similar research study (Conversa and Elia, 2009 ). On the other hand, the stratification of wild asparagus seeds for just 4 weeks was ineffective in improving germination (Conversa et al., 2010) . In all measurements, the seeds that were stratified and had mechanical scarification gave the highest values with statistically significant differences compared to all other treatments. Mechanical scarification is a simple and effective technique to improve seed germination of many species (Hartmann et al., 2011) .
The pre-sowing treatment of seeds enhanced germination in both indoor and outdoor conditions with statistically significant differences ( Table 1 ). The highest germination percentage in Petri dishes was found with the stratified seeds. MS treatment (75.33%) gave the highest values with statistically significant differences to all other treatments (Fig. 2) . NS (48.43%) and SSA (51.70%) treatments followed with statistically significant differences from all the treatments of fresh seeds. In the outdoor experiment, the highest field emergence was also found in the MS treatment (72.70%) with statistically significant differences compared to all other treatments. Non-stratified seeds presented very low percentages in both experiments, with values ranging from 2.7 to 6.6%, while stratified seeds had values ranged from 45.1 to 75.3%.
Similar results were obtained by Conversa and Elia (2009) , who used non-after-ripened (one-month-old) and after-ripened seeds (dry stored at room temperature for 13 months) and reported that the after-ripened seeds presented higher percentages and more rapid germination. Fresh seeds of wild asparagus were found to germinate at very low percentages, while one-year old seeds that were exposed to different treatments, such as stratification, chemical scarification, and GA3, germinated better (Conversa et al., 2010) . The results indicated that the treatment of the seeds with sulfuric acid had a positive effect on germination. A similar effect was found for the species Asparagus racemosus Willd., where the treatment of seeds with sulfuric acid, stimulated seed germination at the levels of 84-86% (Gupta et al., 2002) .
Vigor index I, based on germination percentage and seedling length, showed that the SS-MS treatment gave the highest values for the indoor as well as the outdoor Treatment 140.372*** 128.887*** 98.537*** 5.511* Significant at *, ** and *** indicate significance at p ≤ 0.05, 0.01 and 0.001, respectively and ns: not significant. 1 Calculated only for stratified seeds. experiment (Table 3 ). In both experiments, stratified seeds performed statistically better than fresh seeds. Furthermore, for stratified seeds, MS (1492 and 2085) gave statistically significant higher values than NS (949 and 1313) and SSA (1040 and 1598) treatments for the indoor and outdoor experiment, respectively.
Vigor index II, based on germination percentage and seedling dry weight, gave similar results to those of Vigor index I. In both experiments, stratified seeds gave statistically significant better results than fresh seeds. Furthermore, for stratified seeds, MS (20.94) gave statistically higher values than all other treatments. Moreover, SSA (15.77) gave statistically significant higher values than NS (12.69) in the outdoor experiment. In the indoor experiment, for stratified seeds, MS (21.40) gave statistically significant higher values than SSA (14.93) and NS (13.96), but there were no statistical differences between SSA and NS treatments.
Both indices are dependent on the early growth characteristics (length and dry weight) of the new seedlings and give information about how vigorous they are (Abdul-Baki and Anderson, 1973) . Concerning mechanical scarification, researchers found that it improves early seedling growth characteristics in lupines (Karaguzel et al., 2004) . Similarly, acid scarification on fodder sorghum seeds increased the germination and vigor index of the seedlings (Shanmugavalli et al., 2007) . In a very interesting research study, the seeds of wild asparagus that passed through bird 998 guts, which is a type of chemical treatment, were found to have a great acceleration of germination compared to nontreated seeds (Traveset et al., 2001) .
The measurement of root length (mm/seedling) took place only for stratified seeds (Table 3) . For the indoor experiment, the SSA treatment gave the highest value (1581 mm) with statistically significant differences compared to MS treatment (1550 mm), while MS treatment gave statistically significant higher values than NS treatment (1450 mm). Regarding the outdoor experiment, SSA treatment gave the highest value (1588 mm) with statistically significant differences compared to NS treatment (1474 mm). MS treatment (1521 mm) had no statistically significant differences compared to the two other treatments. Mechanical and chemical scarification of certain duration provided the highest values for root length and rood dry weight of lupines compared to control seeds (Karaguzel et al., 2004) .
In the indoor experiment, the factor of temperature on seed germination was found to have an effect on root length measurement ( Table 2 ). The highest values of root length were found at the germination temperature of 15 °C (1546 mm), with statistically significant differences compared to 20 °C (1519 mm) and 25 °C (1516 mm). In a research study on sorghum seeds, where acid scarification was used as a pre-sowing treatment, increased root length of the seedlings was recorded (Shanmugavalli et al., 2007) . Fig. 2 . Effect of pre-sowing treatment of asparagus seeds in indoor and outdoor conditions -means followed by the same letter for treatment are not significantly different according to Duncan test; NS: non scarified; MS: mechanical scarification; SSA: scarification with sulfuric acid 
Conclusions
In conclusion, the results of this study show that the presowing treatments of stratification and scarification can improve germination of wild asparagus. The highest germination percentage, vigor index I and II were recorded with the stratified seeds that had been mechanically scarified in both indoor and outdoor conditions. Stratification increased the germination percentage from 2.7-6.6% to 45.1-75.3%. The combination of these two pre-sowing techniques could be the appropriate method to overcome dormancy of wild asparagus seeds and increase the germination percentage. Plant propagation is a very important initial step in order to establish plantations of this potential new crop. 
